The pneumococcal recombinant plasmid pLS70, which contains two strong promoters for transcription of the malM and malX genes, is unstable when transferred to Bacillus subtilis, and it gives rise to deleted derivatives. Analysis of proteins produced by the deleted plasmids and restriction mapping of 29 different deletions showed that stabilization in B. subtilis was accompanied by deletions affecting both promoters. Plasmids containing even a single strong promoter were at a selective disadvantage. Nucleotide sequences surrounding the deletions in 10 plasmids were determined. Six different deletions occurred between directly repeated sequences of 3-13 base pairs in length, presumably by a recombination mechanism involving short homologies. Four deletions occurred between sites not contained within repeated sequences. A weak but significant similarity of an 11-base sequence was found surrounding these deletions and the corresponding points of junction in the progenitor plasmids. It is suggested that this sequence may be the recognition site for a topoisomerase-like enzyme that can produce deletions.
ABSTRACT
The pneumococcal recombinant plasmid pLS70, which contains two strong promoters for transcription of the malM and malX genes, is unstable when transferred to Bacillus subtilis, and it gives rise to deleted derivatives. Analysis of proteins produced by the deleted plasmids and restriction mapping of 29 different deletions showed that stabilization in B. subtilis was accompanied by deletions affecting both promoters. Plasmids containing even a single strong promoter were at a selective disadvantage. Nucleotide sequences surrounding the deletions in 10 plasmids were determined. Six different deletions occurred between directly repeated sequences of 3-13 base pairs in length, presumably by a recombination mechanism involving short homologies. Four deletions occurred between sites not contained within repeated sequences. A weak but significant similarity of an 11-base sequence was found surrounding these deletions and the corresponding points of junction in the progenitor plasmids. It is suggested that this sequence may be the recognition site for a topoisomerase-like enzyme that can produce deletions.
Attempts to clone foreign genes in bacteria can be frustrated by instability of the recombinant plasmid. Either the recombinant plasmid fails to be established or it is displaced by deleted forms. This problem has been seen both with Escherichia coli host/vector systems (1) (2) (3) (4) (5) and with Bacillus subtilis (6, 7). The latter host, which is Gram-positive and can excrete proteins directly into the medium, may be particularly suitable for the production of proteins encoded by cloned genes.
It has been suggested that the instability of recombinant plasmids results from the presence of strong transcriptional promoters in the cloned fragment. For example, the Pst Imal fragment of the Streptococcus pneumoniae chromosome, which contains two strong promoters that transcribe the malM and malX genes in opposite directions, could not be cloned in the E. coli/pBR322 system, but a similar fragment containing a deletion that reduced the activity of both promoters could be cloned (5) . In the same system it has been shown that placement of transcription terminators in the direction of transcription from strong promoters enhanced stability of recombinant plasmids (3) .
The pneumococcal mal fragment that could not be cloned in E. coli was stably cloned in the S. pneumoniae/pMV158 system to give the recombinant plasmid pLS70 (8) . Inasmuch as the pMV158 vector could be transferred to B. subtilis (9) , it was feasible to examine the transfer and stability of pLS70 in this bacterium. The results presented here show that in B. subtilis pLS70 is replaced by plasmids deleted in the mal segment, and the pattern of deletions indicates that the persistence of either strong promoter renders the plasmid unstable.
We made use of the B. subtilis/pLS70 system for producing deletions to investigate the mechanisms by which deletions were generated. Our focus was on the deletion junction-that is, the point of union of previously separate segments of DNA. Nucleotide sequences at the junctions of 10 deletions were determined. Investigations of this sort in E. coli showed that deletions generally terminated in short directly repeated sequences (10) (11) (12) . Six of the pLS70 deletions did terminate in direct repeats, but 4 of the deletions showed no evidence of repeated sequences at their points of junction. The latter junctions, however, did resemble each other somewhat in their surrounding sequence. It is proposed that the similarity reflects a recognition site for an enzyme that can effect deletions by a resection and joining mechanism. If so, it is a novel mechanism for producing deletions. A similar mechanism implicating DNA gyrase has been proposed to explain illegitimate recombination events between pBR322 and phage A in E. coli (13, 14) .
MATERIALS AND METHODS Bacterial Strains and Plasmids. S. pneumoniae strain 193, derived from R6 and carrying the malDXMP581 deletion, was used throughout. Plasmids were transferred to B. subtilis strains MB11 (lys-3 metB10 hisH2) and MB56 (trpC2), both derived from strain 168. Plasmid pLS70 contains a segment of the mal region of the chromsome of S. pneumoniae cloned in the vector pMV158 (8) . A restriction map of pLS70 and the nucleotide sequence of its mal segment have been reported (15) . Plasmids pLS69 and pLS70(V11) carry mutations in the mal segment, the sequences of which are also known (16) . New plasmids described here, numbered in the range pLS701 to pLS756, originated by deletion in MB11 or MB56 and were transferred to strain 193.
Growth of Cultures and Transformation. Cultures of S. pneumoniae were grown in a casein-hydrolysate-based medium (17) and transformed as described (8) . Competent cultures of B. subtilis were grown and transformed as reported by Espinosa et al. (9) . Plasmid-containing transformants of S. pneumoniae and B. subtilis were selected with tetracycline at 1 and 30 ug/ml, respectively.
Plasmid Preparation and Restriction Mapping. Crude plasmid extracts were prepared from B. subtilis and S. pneumoniae as described (9) . Purified plasmids were prepared by the method of Currier and Nester (18) . Plasmids were treated with restriction endonucleases and the size of restriction fragments was determined by electrophoresis in 1% agarose or 5% polycrylamide gels.
Analysis of Proteins by Gel Electrophoresis. Cultures of S. pneumoniae carring various plasmids were grown in the presence of 0.2% sucrose and 1.0% maltose. Total cell ex- tTo whom reprint requests should be addressed.
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tracts were obtained by lysing the cells with sodium deoxycholate (19) . Samples were analyzed by electrophoresis in 5-25% polyacrylamide gradient gels in the presence of NaDodSO4 using a Tris buffer system, as described by Weinrauch and Lacks (20) . Proteins were revealed by staining with Coomassie blue.
Nucleotide Sequence Determination. Plasmids were further purified by treatment with RNase and gel filtration. After cleavage with restriction enzymes, the DNA fragments were treated with phosphatase and labeled at their 5' ends with [y-32P]ATP and polynucleotide kinase. After subcutting with a second restriction enzyme, DNA sequences were determined by the method of Maxam and Gilbert (21) .
Probability of Sequence Matching. The probability, P, of n bases matching to a prototype sequence N bases in length was calculated as P, = (1/4)'(N!/n ![N-n] !)(3/4)(N-n). The cumulative probability that n or more bases match is P = EI-n Pi-RESULTS Instability of Plasmids in B. subtilis. The pneumococcal recombinant plasmid pLS70, which contains the genes malM and maiX and strong promoters for their transcription (5), is transferred at low frequency to B. subtilis compared to its vector plasmid, pMV158 (7) . Most of the transformants to tetracycline resistance, the plasmid marker, that were obtained in this transfer contained plasmids that had been partially deleted. In the present investigation we examined the nature of these deletions and their effect on plasmid stability in B. subtilis.
The primary deletions-that is, those which were obtained immediately after transfer-could have arisen either during or after plasmid establishment. The plasmids that contain them were numbered in the range pLS700 to pLS747. Some plasmids in B. subtilis were established as intact pLS70. This was indicated by the size of the plasmid observed in cell extracts prepared soon after transfer and by the ability of such extracts to transfer pLS70 back to S. pneumoniae. One such plasmid was pLS725. On further growth in B. subtilis the plasmids corresponding to pLS70 were always unstable and suffered deletions. Such deletions, which occurred after plasmid establishment, are called secondary deletions. Plasmids pLS748 and pLS749 contain two such secondary deletions that were found in progeny of the clone in which pLS725 was established. All plasmids, whether stable or not in B. subtilis, were transferred to S. pneumoniae for further examination.
One primary deletion, in plasmid pLS724, when examined in S. pneumoniae, resulted in failure to give any detectable maiX product but allowed full expression of the malX gene ( Fig. 1, lane 5 ). This plasmid was unstable in B. subtilis and gave rise to the further deleted plasmid pLS750, which gave no amylomaltase production.
Plasmid pLS70(V11), which contains a promoter mutation of chromosomal derivation (22) that reduces malM expression, is unimpaired in malX function (Fig. 1, lane 4) . This plasmid can be transferred to B. subtilis, but it is unstable in that species. It gave rise to both primary and secondary deletions, all of which resulted in reduced malX function, but only some of these deletions further reduced malM function.
From one clone of B. subtilis a plasmid corresponding to pLS70(V11), which was called pLS752, and several different secondary deletions in plasmids numbered pLS753 through pLS756 were obtained. It is evident in Fig. 1 more, three deleted derivatives of pLS70 from B. subtilis appeared to be identical to pLS69 in both restriction cleavage pattern and expression of mal genes (7). Fig. 1 Fig. 2 are represented the structural genes in the cloned mal fragment and their direction of transcription from strong promoters located between the vertical dotted lines (15, 16) . In almost all of the deletions arising in pLS70, the entire promoter region was lost. In pLS69 crucial parts of both promoters were deleted (16) . The one exception, pLS724, which retained the malM promoter, was unstable in B. subtilis.
Plasmid pLS70(V11), which contains a deletion that reduces malM expression to 10% but leaves the maiX promoter unaffected, was also unstable in B. subtilis. It gave rise to 4 secondary deletions in the maiX promoter region, which are mapped in the lower part of Fig. 2 . Two of them, pLS753 and pLS756, left malM expression, measured as amylomaltase synthesis, unchanged (data not shown). Two others, pLS754 and pLS755, resulted in loss of the residual amylomaltase synthesis. All four were defective in production of the X fragment.
Aside from three occasions in which plasmids apparently identical to pLS69 were produced, all of the deletions examined were different from each other. They varied in length from 30 bp (pLS753) to 3800 bp (pLS750). Secondary deletions, which occurred after plasmid establishment, showed no systematic difference from primary deletions, which could have occurred during or after establishment. The only common feature of all of the deletions was their alteration of the promoter region. Thus, the deletion mapping shown in Fig. 2 (15)] of pLS70 adjacent to the junction point of the deletion is shown, with one side of the junction above and the other side below. Solid lines indicate the sequence of the deleted plasmid. Actual or possible junction positions are indicated by broken vertical lines. Numbers designate nucleotide positions in pLS70, with the rightmost digit of the upper numbers located above the corresponding nucleotide position in the upper line and the leftmost digit of the lower numbers located below the corresponding nucleotide position in the lower line. The prototype sequence corresponds to the 11-base sequence surrounding the junction in pLS708. The bases in the sequence adjacent to each junction that correspond to the prototype sequence are indicated by boldface. Under prototype match is listed the proportion of bases that correspond to the prototype for both input (pLS70) and output (deleted plasmid) sequences.
junctions are shown in Fig. 4 . The deletions in this category ranged in size from 966 to 2957 bp.
Examination of the sequences surrounding the deletions in Fig. 4 revealed some similarity of sequence. The junction sequence in pLS708 was used as a prototype for comparison with the others. An 11-base sequence was considered, and it was assumed that deletion joints could occur immediately after either the 4th or 6th base from its 5' end, as indicated by the arrows in Fig. 4 . The match between the prototype and both input and output sequences is indicated in Fig. 4 . Input sequences are defined as those originally surrounding each end of the deletion and include both retained and deleted material. Output sequences refer to those surrounding the junction point after the deletion occurred. For each of the three deletions compared, the output sequences matched in 6 out of 11 positions. The probability of this occurring by chance in any one case is only 3%. Four of the six input sequences showed matches in at least 5 positions. The probability of a random match of 5/11 or greater is 11%. It appears, therefore, that the similarity between the junction sequences, in those cases in which the deletions did not occur at direct repeats, is statistically significant.
When the sequences surrounding the deletions of pLS701 and pLS724, which occurred between 3-bp repeats (Fig. 3) , were compared to the prototype sequence, no similarity was found. Because the deletion junction in these cases could have occurred at any 1 of 4 positions, and because a dual switch possibility in the prototype sequence was assumed, eight possible sequences were compared in each case. However, none of them gave a match in >4 positions, and most of them showed only 1 or 2 matches. This analysis supports the reality of the match with non-repeat deletion junctions, and it suggests that the 3-bp repeated sequences at deletion termini in pLS701 and pLS724 were significant factors in the occurrence of those deletions.
DISCUSSION
Plasmid pLS70 or derivatives thereof were unstable in B. subtilis as long as one of the two strong promoters within the mal segment remained functional. No one promoter was uniquely deleterious inasmuch as pLS724, which produced only the amylomaltase, and pLS70(V11), which produced only the X fragment in large amount, were both unstable. Plasmids such as pLS69 and pLS753 that produced low levels of amylomaltase were perfectly stable. This suggests that gene products themselves were not deleterious but that the instability resulted from excessive transcription of the plasmid into its vector portion from either side of the mal insert. Such transcription could interfere with replication and maintenance of the plasmid. It was previously shown that the mal segment of pLS70 could not be cloned in the E. coli/pBR322 system, but the mal segment of pLS69 could be cloned (5) .
The deleted forms of pLS70 presumably accumulated as a result of the selective disadvantage of plasmids that retained the strong promoters. Deletion events probably occur constantly, but in the absence of a selective advantage the de- Approximately half of the deletions examined in detail occurred between directly repeated sequences of 3-13 bp. All but one of the junctions in this class exhibited additional direct repeats nearby. Two sorts of models have been suggested for the mechanism of formation of such deletions (25) . One postulates slippage during replication to allow one repeated sequence to mispair with the complement of the other. This model requires the presence during replication of a single-stranded segment of DNA equal in length to the deletion, and it seems an unlikely mechanism to explain deletions as long as 2680 bp, which were observed in this class. The other model postulates recombinatory exchanges between the directly repeated sequences. This model could account for the present results especially since the deletions occurred in recombination proficient strains of B. subtilis.
Another half of the deletions examined occurred at junction points showing no repeated sequences. However, the junctions produced by the 4 deletions in this class showed weak but presumably significant similarities of sequence. It has been proposed that certain illegitimate recombination events in E. coli can be mediated by DNA gyrase (13) and that the junctions produced resemble gyrase recognition sites in sequence (14) . We suggest a similar mechanism for the production of deletions in this class, as illustrated in Fig.  5 . Inasmuch as the prototype sequence (Fig. SA) differs from the E. coli gyrase consensus sequence (26) , the action of a topoisomerase with a different recognition site is postulated. Because junctions occurred at two different positions in the prototype sequence, the hypothetical topoisomerase is presumed to make staggered breaks 2 bp apart in opposite strands of the DNA at each junction point (Fig. SB) . Separation of topoisomerase subunits while the strands are opened, and mixed reassembly [as proposed by Ikeda et al. (13)], would delete the intervening sequence and give rise to the heteroduplex joint shown in Fig. 5C , which on replication will produce in different progeny cells the deletion junctions shown in Fig. SD . Inasmuch as the two different plasmids are of the same compatibility group, only one will prevail.
A nucleotide sequence analysis of the junction points for 4 plasmid deletions in E. coli was recently reported (12) . Three of them occurred at direct repeats of 7-10 bp. The fourth, which showed no repeats, is compared in Fig. 6 to the prototype sequence deduced in the present work for similar deletions in B. subtilis. A significant correlation is seen for both the output and one input junction. Similarly, for lacI deletions in E. coli (25) , the only junction that did not occur at a direct repeat shows a 7/11 match to the prototype sequence. These data suggest that B. subtilis and E. coli may harbor a similar system for deletion formation that does not depend on directly repeated sequences.
